Summary Conditioned medium prepared from mouse melanoma B16 cells (B116-CM) increases the macromolecular permeability of bovine aortic, venous and human umbilical vein endothelial monolayer. Collagen, which is synthesised by endothelial cells, has an important function in regulating the permeability of endothelial monolayer. Briefly, low collagen content leads to hyperpermeable structure of the endothelial monolayer. In the present studies, we examined the relationship between the increase of endothelial permeability and content of synthesised collagen of endothelial cells cultured with B16-CM. The B16-CM reduced endothelial collagen content but did not digest collagen directly. Matrix metalloproteinase inhibitor, 1,10-phenanthroline, inhibited the increase in permeability due to addition of B16-CM. These data suggest that B16-CM acts on endothelial cells, stimulating the digestion of endothelial collagen, and that the reduced content of collagen leads to the hyperpermeability of the endothelial monolayer.
It is now well established that there is great heterogeneity among microvessel endothelial cells from different organ sites. Tumour blood vessels also differ from those of normal tissues in some important structural and functional aspects. Many investigators have reported that tumour vessels are hyperpermeable compared with normal vessels (Song and Levitt, 1971; Dvorak et al., 1984; O'Connor and Bale, 1984; Gerlowski and Jain, 1986) . However, the cause and mechanism of the hyerpermeability of tumour vessels are unclear. In previous studies, we found that conditioned medium prepared from mouse melanoma B16 (B16-CM) increases the macromolecular permeability of bovine aortic, venous and human umbilical vein endothelial cell monolayers (Utoguchi et al., 1995a) . These data suggest that the properties of normal tissue-derived endothelial cells can be changed, resembling those expressed in tumour vessels, by culture with tumour cell-conditioned medium. We have also reported that the collagen, which is synthesised by endothelial cells themselves, has an important role in the regulation of the endothelial cell permeability in the steady state (Utoguchi et al., 1995b) . The mechanism of hyperpermeability of the endothelial monolayer cultured with B16-CM is unclear. In the present studies, we examined the relationship between the collagen content and hyperpermeability of the endothelial monolayer when cultured with B16-CM.
Materials and methods

Reagent
Collagen type I was obtained from Nitta-gelatin (Osaka, Japan). 2,3-[3H]Proline was purchased from American Radiolabeled Chemicals (St Louis, MO, USA). Chromatographically purified collagenase from Clostridium histolyticum was purchased from Advanced Biofactures (Lynabrook, NY, USA). Permeation chamber Intercell was obtained from Kurabo (Osaka, Japan were purchased from Nissui (Tokyo, Japan). ASF104 culture medium was obtained from Ajinomoto (Tokyo, Japan). All these media contained kanamycin (60 fig ml-' ). Fetal calf serum (FCS) was obtained from Filtron (Brooklyn, NY, USA). All other chemicals were reagent grade and purchased from Wako (Osaka, Japan).
Preparation of continued medium Bovine smooth muscle cells were isolated from calf aorta by mechanical scraping and cultured with DMEM containing 10% FCS. When the B16 melanoma cells or bovine smooth muscle cells were at subconfluence in the culture dishes, the cells were added to ASF104 medium. After 24 h, the medium was collected and centrifuged at 1600 g for 5 min. In the preparations subjected to measurement of synthesised collagen content, the supernatant of the conditioned medium was dialysed against DMEM to remove proline. Before the conditioned medium was used it was mixed with the same volume of DMEM supplemented with 20% FCS.
Endothelial cell culture
Bovine aortic endothelial cells (BAECs) were isolated from calf aorta by mechanical scraping and cultured with DMEM containing 10% FCS. An Intercell permeation chamber was used for measurement of endothelial permeability. Before plating of endothelial cells, the Teflon membrane (pore size, 0.45 psm) of Intercell was coated with collagen type I (100 ILg ml-') for 2 h and washed three times with phosphatebuffered saline (PBS). BAECs (seventh to tenth passages) were seeded on the permeation chamber (2.0 x 105 cells cm-2) and during culture, the luminal (upper) and the abluminal (lower) compartment contained 200 ll and 700 tll of culture medium respectively. Four hours after seeding, the cells were cultured with the B16-CM, smooth muscle cell-conditioned medium or 3,4-dihydroxybenzoic acid ethyl ester (DHB). The medium was changed every 2 days. In the cultures for collagen content measurement, the cells were cultured with each medium containing 10 tCi ml-' 2,3-[3H] proline. After 5 days of cultivation, the cells were confluent and the permeability assay and measurement of collagen content were performed.
Permeability of endothelial monolayer FITC-dextran (average molecular weight, 70000) was used for an index of the macromolecular permeability of the endothelial monolayer; FITC-dextran is transported through the intercellular spaces of the endothelial junctions (Hashida et al., 1986) . The FITC-dextran permeability assay was performed by the method described previously (Mizuguchi et al., 1994 Measurement of collagen content Collagen synthesis by the BAECs was determined by a slight modification of the method previously described (Geesin et al., 1991) . BAECs were seeded on permeation chambers, and after 4 h of cultivation, the cells were cultured with control medium or B 16-CM containing 2,3-[3H]proline (10 ytCi ml ').
After appropriate times of incubation, the cells were washed with PBS and were solubilised with 0.5 N sodium hydroxide. After 12 h of incubation at 37°C, 0.5 N hydrochloric acid was added. This lysate was digested by non-specific protease-free collagenase. After 3 h of incubation at 37°C the samples were precipitated with 25% trichloroacetic acid and centrifuged at 13 000 g for 10 min. The radioactivity of the collagenasesoluble and -insoluble fractions was determined by a liquid scintillation counter. The relative rate of collagen synthesis was calculated based on the principle that collagen has an imino acid content 5.4 times higher than that of other proteins (Peterkofsky and Diegelmann, 1971) . The ratio of collagen to total protein (R) was calculated from the following relationship: R = C/(N x 5.4 + C) x 100 (%) where C and N are the radioactivity in collagenase-soluble (collagenous) and -insoluble (non-collagenous) fractions respectively.
Preparation of extracellular matrix
The BAECs, which were cultured on the permeation chamber with the medium containing [3H]proline for 3 days, were treated with 0.02 N ammonium hydroxide. After 10 min of incubation, the Teflon membrane was washed three times with PBS. The extracellular matrix that was produced by the BAECs was labelled with [3H]proline and left on the membrane (Laug et al., 1985; Partridge et al., 1992) . This extracellular matrix-coated membrane was incubated with B16-CM at 37°C for 2 days and collagen content of the extracellular matrix on the membrane was measured. Therefore, the increase of the permeability of BAECs cultured with Bl 6-CM did not depend on the decrease of the total shared area of the BAECs on the Teflon membrane of the permeation chamber. When the BAECs were cultured with the conditioned medium of smooth muscle cells which were derived from normal tissue, the permeability and cell number of the BAECs had not been changed. These data suggested that the hyperpermeability of the BAEC monolayer was specific for tumour cell supernatants.
Effect of B16-CM on the BAECs collagen content and cell number ( ) of BAECs. BAECs were cultured on permeation chambers with B16-CM or bovine aortic smooth muscle cell-conditioned medium (SMC-CM). When the BAECs were at confluence, permeability assay was performed and the cell number was measured. The results are expressed as the mean and standard deviation of four determinations. *P<0.01 compared with control. (McCroskery et al., 1975; Moscatelli et al., 1980; Kalebic et al., 1983) . We examined whether the B16-CM digested endothelial collagen by using a pulse labelling technique. After 3 days of cultivation with the control medium containing [3H]proline, the medium was removed and the BAECs were cultured with the control medium or B16-CM without [3H]proline. After 2 additional days of cultivation, the collagen content was measured. The B16-CM digested endothelial collagen, and not only was the collagen content decreased to about 40% of the control value but the collagen to total protein per cent ratio was also decreased (Figure 2 ). These data suggested that the B16-CM digested collagen specifically. The analysis of the effect of B16-CM on BAEC collagen conent had revealed reduction to 33% of the control value, a similar per cent decrease also seen in this experiment. These observations suggested that the decrease of collagen content elicited by B16-CM was almost exclusively dependent on the digestion of collagen rather than the inhibition of collagen synthesis.
Digestion activity of B16-CM against the extracellular matrix collagen To examine whether B 16-CM digests collagen directly or whether B16-CM stimulates the collagen digestion activity of endothelial cells we further examined direct digestion activity of B16-CM against the extracellular matrix which contained the collagen produced by the BAECs. The Teflon membrane was coated with extracellular matrix, which was produced by the BAECs and labelled with [3H]proline, and incubated with normal medium or B16-CM. After 2 days of incubation, the collagen content was determined. The B16-CM did not digest the collagen in the extracellular matrix on the Teflon membrane of the permeation chamber (Figure 3 ). These data suggested that the B 16-CM acts on BAECs, stimulating the collagen digestion activity of the BAECs.
Effect of B16-CM on permeability and collagen content of precultured BAECs BAECs were precultured with B16-CM for 5 days, detached from dishes and plated onto the permeation chamber. After 5 days of cultivation with the normal medium containing [3H]proline, the permeability and collagen content were measured (Table II) . The BAECs precultured with B16-CM presented significant hyperpermeability and significantly reduced collagen content (BI6-CM/control group). Under ( 11 ) this condition, the precultured BAECs were further cultured with control medium on a permeation chamber and therefore the B16-CM could not directly digest collagen.
Effect of 1,10-phenanthroline on the increase of the permeability with B16-CM We further examined the effect of the MMP inhibitor 1,10-phenanthroline on the increase of the permeability with B16-CM. At the dose of 1.0 gM 1, 10-phenanthroline alone had no effect on the BAEC permeability (Figure 4) (Senger et al., 1983; Brock et al., 1991) . VPF is thought to induce tumour vessel hyperpermeability in vivo Senger et al., 1993 Tumour-conditioned medium contains many types of MMP (Halaka et al., 1983; Morodomi et al., 1992) . However, our data show that B16-CM did not directly digest the collagen of the extracellular matrix (Figure 3) (Partridge et al., 1993) . Heparan sulfate proteoglycan also has an important role in regulating endothelial permeability (Guretzki et al., 1994) . We have no data as to whether the tumour-conditioned medium decreased the content of these extracellular matrix components of the endothelial cells. The results of the 1,10-phenanthroline experiment indicate that the digestion of collagen by endothelial cells should depend on MMPs that were secreted by endothelial cells. Degradation of the matrix by endothelial cells depends on the balance between MMP and their inhibitors, which are secreted by endothelial cells themselves (Herron et al., 1986; Matrisian, 1990; Unemori et al., 1990) . We are presently examining whether decrease of collagen content by B16-CM is related to stimulation of MMP secretion or inhibition of secretion of MMP inhibitors, and we plan to report the results at a later time.
Some factors which are secreted from tumour cells induce angiogenesis and the in vivo MMP activities of endothelial cells are increased in angiogenesis (Roberts et al., 1986; Klagsbrun et al., 1986) . Basic fibroblast growth factor induced the MMP production of the endothelial cells (Tsuboi et al., 1990) , and vascular endothelial growth factor induces interstitial collagenase expression in human endothelial cells (Unemoru et al., 1992) . It is well known that these factors are secreted by tumour cells. Based on these findings, we hypothesise that, in the induction of angiogenesis, certain factors that are secreted from tumour cells affect the activities of the MMP of endothelial cells. Our data obtained in the present studies support this hypothesis.
In electron microscopic studies, the basement membrane, which consists mainly of collagen, of a tumour vessel is visualised as fragmentary and discontinuous (Ward et al., 1974) . Our culture system data are consistent with this in vivo observation. The 
